Here we report that IRNA specifically inhibits HCV IRES-mediated translation both in vivo and in vitro. A number of human hepatoma (Huh-7) cell lines expressing IRNA were prepared and characterized. Constitutive expression of IRNA was not detrimental to cell growth. HCV IRES-mediated cap-independent translation was markedly inhibited in cells constitutively expressing IRNA compared to control hepatoma cells. However, cap-dependent translation was not significantly affected in these cell lines. Additionally, Huh-7 cells constitutively expressing IRNA became refractory to infection by a PV-HCV chimera in which the PV IRES is replaced by the HCV IRES. In contrast, replication of a PV-encephalomyocarditis virus (EMCV) chimera containing the EMCV IRES element was not affected significantly in the IRNA-producing cell line. Finally, the binding of the La autoantigen to the HCV IRES element was specifically and efficiently competed by IRNA. These results provide a basis for development of novel drugs effective against HCV infection.
Hepatitis C virus (HCV) is the primary causative agent of parenterally transmitted non-A, non-B hepatitis and affects a significant part of the worldwide population. HCV infection frequently leads to chronic hepatitis, cirrhosis of the liver, and hepatocellular carcinoma (8, 17, 33) . There is currently no effective therapy or vaccine available for HCV other than alpha interferon. HCV has been a difficult virus to study due to the lack of an appropriate tissue culture system and an adequate, simple, and low-cost animal model. The RNA genome of HCV has been cloned and characterized and shown to be infectious when injected into the livers of chimpanzees (17, 20, 22, 41) . The single-stranded, plus-polarity RNA genome of HCV, a member of the Flaviviridae, is approximately 9,500 nucleotides (nt) long. The 5Ј untranslated region (UTR) of HCV RNA is approximately 340 nt long, is highly structured, and contains multiple AUG codons (5-7, 20, 28, 37, 38) . The 5Ј UTR is highly conserved among different strains of HCV (6, 15) . It is followed by a single large open reading frame that encodes a polyprotein which is proteolytically processed to produce the mature structural and nonstructural proteins of HCV. Nucleotides 40 to 370 of the 5Ј UTR of HCV have been shown to contain an internal ribosome entry site (IRES) (13, 21, 32, 38, 39) . Although the initiation codon for HCV polyprotein synthesis is located at nt 342, an additional 28 nt from the coding sequence is required for efficient synthesis of HCV proteins (21, 31) .
IRES-mediated translation was first discovered in picornaviruses (18, 29) . Recent studies on picornavirus-IRES-mediated translation have demonstrated that cellular trans-acting proteins distinct from canonical translation initiation factors play an important role in IRES-mediated translation. These proteins bind to the IRES and presumably help to facilitate the binding of ribosomes to the IRES. Some of the trans-acting proteins have been identified as the La autoantigen, polypyrimidine tract-binding (PTB) protein, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and poly(rC)-binding protein (PCBP) (3, 14, 16, 18, 26, 28a, 29, 34, 40) . The La polypeptide binds to both poliovirus (PV) and HCV IRES elements and stimulates IRES-mediated translation (2, 26, 35) . Similarly, the PTB protein interacts with HCV and other picornavirus IRES sequences and stimulates viral 5Ј UTR-mediated translation (1, 19, 40) . Three other polypeptides of unknown function, p25, p87, and p120, have been shown to interact specifically with the HCV IRES (13, 42) .
Previous results from our laboratory have shown that PV IRES-mediated translation is restricted in the yeast Saccharomyces cerevisiae, in part due to a trans-acting factor capable of inhibiting PV IRES-mediated translation in HeLa cell extracts (9) . The inhibitor was purified and subsequently shown to be a small (60-nt) RNA which specifically inhibited cap-independent, IRES-mediated translation but had little or no effect on cap-dependent translation of cellular mRNAs (10) . The yeast RNA (called IRNA) was found to bind strongly several cellular polypeptides which interact with the PV IRES element, includ-ing the La autoantigen (11) . It appears, therefore, that IRNA inhibits PV IRES-mediated translation by competing for critical cellular polypeptides that are required for viral IRESmediated translation.
Because HCV and PV IRES elements bind similar polypeptides, we reasoned that IRNA might also interfere with HCV IRES-mediated translation. Using transient transfection of hepatoma cells and a hepatoma cell line constitutively expressing IRNA, we demonstrate specific inhibition of HCV IRESmediated translation by IRNA. Additionally, hepatoma cells constitutively expressing IRNA became refractory to infection by both PV and PV-HCV chimera in which the PV IRES is replaced by the HCV IRES element. Finally, the binding of the La autoantigen to the HCV IRES element was specifically and efficiently competed by IRNA.
MATERIALS AND METHODS

Cells and viruses.
HeLa cells were grown in spinner culture in minimum essential medium supplemented with 1 g of glucose per liter and 6% newborn calf serum. HeLa monolayer cells were maintained in tissue culture flask or plates in minimum essential medium (GIBCO/BRL) supplemented with 10% fetal bovine serum. The hepatocellular carcinoma cells (Huh-7) were grown in RPMI medium supplemented with 10% fetal bovine serum. PV1 (type 1 Mahoney) and its chimeric derivatives HCV-PV and encephalomyocarditis virus (EMCV)-PV (generous gift from Eckard Wimmer) were amplified in HeLa cells, and the virus titer was calculated by plaque assay as described previously (23) .
Plasmid construction. IRNA-encoding sequences were cloned into pCDNA3 (Invitrogen) vector under the cytomegalovirus promoter, yielding pCDIR. To generate the correct 3Ј end of the IRNA transcript in vivo, the ribozyme of hepatitis delta virus (pSA1 [30] ) was cloned at the 3Ј end of the IRNA gene (pCDIR.Ribo). The existing T7 promoter of the parental vector (pCDNA3) was further deleted to generate the correct 5Ј end of the IRNA (pCDIR.Ribo.⌬T7) for experiments involving in vivo expression (see Fig. 3 ). A control plasmid, pCDRibo.⌬T7, was also constructed by cloning the hepatitis delta ribozyme sequence into the XhoI-HindIII sites of the same pCDNA3 vector (lacking the T7 promoter). Plasmid pCD HCV-luc was constructed by cloning the HCVluciferase fragment into the KpnI-XhoI sites of pCDNA3. pCD-luc lacks the HCV UTR sequences.
Cloning of hepatoma cell lines expressing IRNA. Plasmids pCDIR, PC-DIR.Ribo, and pCDIR.Ribo.⌬T7 were electroporated into Huh-7 cells and selected for neomycin resistance with 400 g of G418 (Invitrogen) per ml for 4 to 6 weeks. The antibiotic-resistant cell clones were harvested and further selected by dilutional cloning. A control cell line was also prepared in a similar method using plasmid pCD.Ribo.⌬T7.
Detection of IRNA in the cell lines. IRNA expression in the cell lines was measured by isolating total RNA from these cells and quantitating the IRNA level by reverse transcriptase (RT)-mediated PCR (RT-PCR) using IRNA-specific oligonucleotide primers. One to 5 ng of in vitro-transcribed, purified IRNA, 1 to 2 g of total RNA isolated from the IRNA-expressing pCDIR.Ribo.⌬T7 cell line, and 2 g of total RNA from Huh-7 control cells were reverse transcribed by murine leukemia virus RT using 2.5 M random hexamer primers in a 20-l reaction according to the Perkin-Elmer Cetus RNA PCR kit protocol. Eight hundred nanograms of each primer (corresponding to 5Ј nt 1 to 20 and 3Ј nt 1 to 20 of the IRNA sequence) was used to amplify the 60-nt fragment in a 100-l PCR. The cycling parameters were as follows: denaturation, 95°C for 1 min; annealing, 65°C for 1 min; extension, 72°C for 1 min; total of 50 cycles. Twenty microliters of each reaction product was loaded onto an 8% native acrylamide gel and visualized by ethidium bromide staining.
DNA transfection. For each transfection assay, 10 6 Huh-7 cells in 30-mmdiameter plates were transfected with 15 l of Lipofectin (GIBCO/BRL) and 2 to 5 g of plasmid DNA. At 16 h posttransfection, cell lysates were prepared according to the Promega protocol and assayed for both ␤-galactosidase (␤-Gal) and luciferase expression.
Detection of various mRNA levels by RT-PCR. The luciferase, GAPDH, and ␤-actin mRNA levels in the total RNA isolated from control Huh-7 and IRNAexpressing cells were quantitated by RT-PCR. Three micrograms of total RNA isolated from both the IRNA-expressing cell line, pCDIR.Ribo.⌬T7, and control Huh-7 cells transfected with plasmids encoding the luciferase and ␤-Gal genes were reverse transcribed by Moloney murine leukemia virus (M-MLV) RT, using 250 pmol of random hexamer primers. Prior to cDNA synthesis, the RNA and primers were denatured at 95°C for 5 min and cooled slowly to room temperature over a 15-min period to allow the primers to anneal. Two hundred units of M-MLV RT was added, and the 20-l reaction mixture was incubated at 42°C for 1 h. Prior to PCR amplification, the first-strand reactions were heated at 95°C for 5 min to inactivate the M-MLV RT, and 2 l of each reaction was amplified by Taq DNA polymerase (Perkin-Elmer Cetus) in a standard 50-l PCR. The following specific oligonucleotide primers were used in the PCRs: luciferase Plaque assay. Plaque assays were performed as described below (unless stated otherwise). Huh-7 cells (10 6 cells) were infected with either PV or HCV-PV chimera, and after 72 h, cell extracts were prepared. Two hundred fifty microliters of cell extract was used to further infect HeLa monolayer cells (2 ϫ 10 6 cells in 60-mm-diameter plates). After 3 days of incubation at 37°C, the plaques were developed by staining with 1% crystal violet.
In vitro transcription. RNA transcripts were synthesized in vitro with T7 or SP6 RNA polymerase from linearized plasmid DNA which was gel purified after digestion with the appropriate restriction enzyme. The pSDIR clone (10) was linearized with HindIII and transcribed with T7 RNA polymerase to generate IRNA. The HCV IRES-containing bicistronic construct pT7DC1-341 (a generous gift from A. Siddiqui) was linearized with HpaI, and the runoff capped transcript was generated with T7 RNA polymerase. The HCV 5Ј UTR was cloned into pSP-lucϩ vector (Promega) between the BglII and HindIII sites. To generate HCV 5Ј UTR RNA, the construct was linearized with HindIII, gel purified, and transcribed with SP6 RNA polymerase. The nonspecific RNA was synthesized from pSP-lucϩ vector (Promega), linearized with HindIII, and transcribed by SP6 RNA polymerase.
In vitro translation. The T7DC1-341 RNA was translated in HeLa cell extract as described previously (9) . Approximately 80 g of HeLa cell extract was used to translate 2 g of capped bicistronic mRNA in 25 l of reaction mixture, in the presence of 25 Ci of [
35 S]methionine (800 Ci/mmol; Amersham) and 40 U of RNasin (Promega). The reaction mixture was incubated for 1 h at 37°C, and the products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography.
In vivo labeling of cellular proteins. Monolayers of hepatoma cells (2 ϫ 10 6 cells/60-mm-diameter plate) were preincubated in methionine-free medium (GIBCO) for 45 min at 37°C. Then 100 Ci of trans-labeled methionine (specific activity, Ͼ1,000 Ci/mmol) was added to each plate, and incubation was continued for another hour. [ 35 S]methionine-labeled cell extract was prepared as described previously (10, 11) .
In vivo labeling and immunoprecipitation of the viral proteins. Monolayer hepatoma cells (5 ϫ 10 5 cells/30-mm-diameter plate) were infected with 150 l of either PV-HCV or PV-EMCV chimera (titer, 2.5 ϫ 10 4 PFU/ml), and the infection was continued for 24 h. Cellular and viral proteins were labeled as described above. In vivo-labeled viral proteins in infected cells were detected by immunoprecipitation with anti-PV capsid antibody as described previously (10, 11) .
UV-induced cross-linking. HeLa and hepatoma translation lysates (S10) were prepared as previously described (9); 40 fmol of 32 P-labeled RNA probe (8 ϫ 10 4 cpm) was incubated with 30 to 60 g of S10 extract from HeLa cells as described earlier (10) . Following incubation, samples were irradiated with UV light from a UV lamp (multiband UV, 254/366-nm model UGL; 25 UVP, Inc.) at a distance of 3 to 4 cm for 10 min at room temperature. Unbound RNAs were digested with a mixture of 20 g each of RNase A and RNase T 1 at 37°C for 30 min, and protein-nucleotidyl complexes were analyzed by SDS-PAGE on a 14% polyacrylamide gel.
RESULTS
Inhibition of HCV IRES-mediated translation by IRNA in vivo and in vitro.
To test the possibility that IRNA interferes with HCV IRES-mediated translation, human hepatocellular carcinoma cells (Huh-7) were transiently cotransfected with 3 plasmids: a reporter gene expressing luciferase programmed by the HCV IRES element (pCD HCV-luc), pSV40/␤-gal to measure transfection efficiency, and the plasmid expressing IRNA (pCDIR.Ribo.⌬T7). All transfections were done in triplicate and contained equal amounts of the luciferase reporter and ␤-Gal plasmids. Increasing concentrations of plasmid pCDIR.Ribo.⌬T7 were used in various reactions, and the total amount of DNA in each reaction was kept constant by addition of an appropriate amount of a nonspecific DNA (pCDNA3). Following transfection, luciferase activity was measured in cell extracts. At the lowest concentration of the IRNA plasmid, inhibition of luciferase activity from plasmid pCD HCVluc was approximately 50% compared to the control (Fig. 1A) .
However, at the highest concentration, 90% of luciferase activity was inhibited. Translation of luciferase from a control plasmid (pCDNA3-luc) without the HCV IRES was not significantly inhibited by IRNA (Fig. 1B) . Expression of either ribozyme alone or a nonspecific RNA similar in length to IRNA did not interfere with luciferase expression (data not shown). These results suggested that HCV IRES-mediated translation was specifically inhibited by IRNA in hepatoma cells, whereas cap-dependent translation of luciferase from the control plasmid lacking the HCV IRES element was not significantly affected by IRNA.
To confirm the results obtained in vivo, the effect of IRNA on HCV IRES-mediated translation was determined in vitro. A bicistronic construct consisting of the HCV IRES flanked by chloramphenicol acetyltransferase (CAT) and luciferase genes was used in this experiment. While synthesis of CAT is mediated by cap-dependent translation, the downstream luciferase synthesis occurs by HCV IRES-mediated translation. Translation was measured by quantitating radioactivity incorporated into luciferase and CAT polypeptides at 0, 0.5, 1, 2, and 4 g of IRNA (Fig. 2A) . The specific inhibition of luciferase synthesis was normalized by determining the ratio of luciferase to CAT at each IRNA concentration (Fig. 2B ). Translation conditions were chosen so that approximately equal amounts of radioactivity were incorporated into luciferase and CAT proteins in the absence of IRNA (Fig. 2A, lane 1) . In addition to full-length luciferase polypeptide, some lower-molecularweight products were also observed. This is presumably due to premature termination during luciferase synthesis. At 1 g of IRNA, luciferase synthesis was inhibited to 20% of the control, whereas at 2 g of IRNA, specific inhibition of HCV IRESmediated luciferase synthesis was 76% compared to the control. Although both luciferase and CAT syntheses were inhibited by IRNA in vitro, luciferase synthesis was affected much more than CAT synthesis at higher concentrations of IRNA. The inhibition of cap-dependent translation by IRNA could be due to its interaction with general RNA-binding proteins which have been implicated in facilitating cap-dependent translation (36) . In addition, IRNA's interaction with La may affect AUG start site selection during translation initiation, as suggested by a recent study (25) .
Construction of hepatoma cell lines expressing IRNA constitutively. To determine the long-term effect of expression of IRNA in Huh-7 cells, cell lines constitutively expressing IRNA were generated by using a pCDNA-based vector as described in Materials and Methods. The cell line made initially contained the T7 sequences at the 5Ј end of the IRNA gene (pCDIR [Fig. 3]) . We made an additional cell line in which the hepatitis delta ribozyme sequence was added to the 3Ј end of IRNA sequence for generation of the exact 3Ј end (pC-DIR.Ribo [ Fig. 3] ). Another cell line was prepared by using the pCDIR.Ribo construct which lacked the T7 promoter sequences (pCDIR.Ribo.⌬T7 [ Fig. 3]) . The control cells (Huh-7) and cell lines expressing IRNA were cotransfected with pCD HCV-luc and pSV40/␤-gal. Cell extracts were used to measure both luciferase and ␤-Gal activities. The results were plotted as percent of control after normalizing for ␤-Gal activity and protein concentration. Both pCDIR and pCDIR. Ribo cells showed approximately 60% inhibition of luciferase activity compared to the control (Fig. 4A) . Maximum inhibition (ϳ80%) of luciferase expression was observed in the pCDIR.Ribo.⌬T7 cell line compared to the control (Fig. 4A) . Titration of the reporter construct (pCD HCV-luc) in the cell line pCDIR.Ribo.⌬T7 consistently showed 80 to 85% inhibition of HCV IRES-mediated translation of luciferase (Fig.  5A) . No significant inhibition of cap-dependent translation from the pCDNA-luc construct was observed in cell lines expressing IRNA (Fig. 4B) . These results suggest that IRNA interferes with luciferase expression programmed by HCV IRES in cells expressing IRNA. Because RT-PCR analysis showed no significant difference in the HCV IRES-luc reporter mRNA levels between control cells and the cells expressing IRNA (Fig. 5C ), we concluded that IRNA was capable of inhibiting HCV IRES-mediated translation in vivo. The level of IRNA was determined in the pCDIR.Ribo.⌬T7 cells by RT-PCR and was found to be approximately 0.05% of the total cellular RNA (Fig. 5B) .
To determine whether constitutive expression of IRNA interfered with cellular transcription, levels of two cellular mRNAs, GAPDH and ␤-actin, were determined by RT-PCR using appropriate oligonucleotide primers. As can be seen in Fig. 6A and B, no significant differences were detected in the overall expression of these mRNAs between Huh-7 (control) and IRNA-expressing pCDIR.Ribo.⌬T7 cells. We also determined the effect of IRNA expression on the level of overall cellular protein synthesis by labeling cells with [ 35 S]methionine. Global protein synthesis was largely unaffected in the pCDIR.Ribo.⌬T7 cells compared to the control Huh-7 cells (Fig. 6C) . However, the intensity of a couple of polypeptides was reduced in the cell line compared to the control (Fig. 6C,  lanes 1 and 2, indicated by dots) . These results are consistent with the finding that translation of a capped mRNA was not significantly affected in the cells expressing IRNA (Fig. 1 and  4) .
Hepatoma cells constitutively expressing IRNA are refractory to infection by a PV-HCV chimera under translational control of HCV IRES. To determine the effect of IRNA on HCV IRES-mediated translation during virus infection, the pCDIR.Ribo.⌬T7 cells were infected with a chimeric PV (PV-HCV 701) in which the PV IRES is replaced by the HCV IRES. PV-HCV 701 contained the 5Ј cloverleaf structure of PV, followed by HCV IRES (nt 9 to 332) plus 123 amino acids of HCV core protein followed by the entire poliovirus open reading frame plus the 3Ј UTR and poly(A) site (23) . chimera is mediated by the HCV IRES element (23) . Huh-7 control cells and the hepatoma-IRNA cells (pCDIR.Ribo.⌬T7) were infected with PV and the PV-HCV chimera. Following infection, cell extracts were prepared from infected and mockinfected cells which were then used to further infect HeLa monolayer cells. Plaques characteristic of wild-type PV and PV-HCV 701 were apparent in HeLa cells infected with cell extract from control hepatoma cells (Fig. 7A and B, middle  panel) . Evidently viral replication was drastically affected in the cell line expressing IRNA (hepatoma-IRNA) with either virus (Fig. 7A and B, right panel) . In a parallel experiment, the virus titers were measured by the serial dilution method, and the results demonstrated more than a 100-fold decrease in virus yield in IRNA-expressing hepatoma cells compared to the control cells (Fig. 7D) . While the control hepatoma cells show extensive damage after infection, the cells expressing IRNA are almost totally protected from the cytopathic effect of the chimeric virus (Fig. 7C) . Thus, hepatoma cells constitutively expressing IRNA were significantly resistant to both PV and the PV-HCV chimera under the conditions used for infection.
To rule out the possibility that the cloned hepatoma cell line is simply less able to support the viral infectious life cycle, its ability to support replication of another chimeric PV was examined. For this purpose, a chimeric PV [PV1 (ENPO)] containing the EMCV IRES was used (14a). We had previously shown that EMCV IRES-mediated in vitro translation was not inhibited by IRNA (9) . Both the PV-HCV and PV-EMCV chimeras were used to infect the Huh-7 control cells, hepatoma-IRNA cells, and hepatoma cells expressing only the ribozyme. As can be seen in Table 1 , the PV-HCV chimera titer was reduced 100-fold in hepatoma-IRNA cells compared to Huh-7 control cells. In contrast, the PV-EMCV titer was not significantly reduced in hepatoma-IRNA cells compared to Huh-7 cells. This is consistent with our previous finding that EMCV IRES-mediated translation is not inhibited by IRNA in vitro (9) . Also, the hepatoma-ribozyme cell line was as active in supporting PV-HCV (or PV-EMCV) replication as the control Huh-7 cells. These results suggest that the cloned hepatoma cell line expressing IRNA is not simply less able to support virus replication in general.
To confirm the results obtained by using the plaque assay, viral proteins were labeled with [
35 S]methionine during infection of Huh-7 and hepatoma-IRNA cells with the PV-HCV and PV-EMCV chimeras. Labeled capsid proteins were then immunoprecipitated with anti-PV capsid antiserum and analyzed by SDS-PAGE (Fig. 8) . Quantitation of the results showed that the inhibition of individual capsid protein synthesis in hepatoma-IRNA cells infected with PV-HCV varied from 60% (VP0), 82% (VP1), 78% (VP2), and 77% (VP3) compared to that in Huh-7 control cells ( Fig. 8 ; compare lanes 1 and 2). Consistent with our plaque assay results, only marginal inhibition of capsid protein synthesis was observed with the PV-EMCV chimera (lanes 3 and 4) . In case of the PV-EMCV chimera, VP0, VP1, VP2, and VP3 were inhibited by 6, 35, 33, and 15% in hepatoma-IRNA cells compared to Huh-7 cells.
IRNA competes with HCV IRES for the La protein.
Since the IRNA sequence is not complementary to the 5Ј UTR sequences of HCV RNA and is therefore not likely to act as an antisense RNA, we determined whether IRNA was capable of binding cellular proteins believed to be required for HCV IRES-mediated translation. [␣-
32 P]UTP-labeled HCV IRES and IRNA were used to form UV-cross-linked complexes with a HeLa S10 fraction (10, 11) . When 32 P-labeled HCV IRES was used in the UV-cross-linking experiment, major proteinnucleotidyl complexes were observed at 110, 70, and 52 kDa and minor bands were detected at 100, 57, 55, 48, 46, and 37 kDa (Fig. 9A, lane 4) . Similar complexes were also observed when 32 P-labeled IRNA was used as the probe (Fig. 9A , lane 2). When purified La was used in the UV-cross-linking experiment, both [ 32 P]IRNA and [ 32 P]HCV IRES (Fig. 9A, lanes 3  and 5) bound the La protein which comigrated with the p52 detected in the S10 fraction. Unlabeled HCV IRES competed with the labeled probe ([ 32 P]HCV IRES) for binding to p110, p70, p57 (a doublet), p52, p48, p46, and p37 (Fig. 9B, lanes 2  to 4) . Unlabeled IRNA strongly competed with [ 32 P]HCV IRES for the binding of p52, whereas weak competition was observed with p70, p57, p48, p46, and p37 (Fig. 9B, lanes 5 and  6) . A nonspecific RNA was not as effective as HCV IRES or IRNA in the competition assay (Fig. 9B, lane 7) . Approximately 80% of La (p52) bound to [ 32 P]HCV-IRES was competed with unlabeled IRNA (Fig. 9B; compare lanes 2 and 6) , whereas only 22% competition was observed with a nonspecific RNA (lane 7). For other proteins (p48, p46, p37, p70, and p110), however, specific competition with IRNA was marginal compared to the control. These results suggest that IRNA specifically competes with HCV IRES for La binding, an observation consistent with a recent result that La specifically stimulates HCV IRES-mediated translation in vitro (2) .
To confirm that the 52-kDa polypeptide cross-linked to HCV IRES was indeed La, purified recombinant La protein was UV cross-linked to 32 P-labeled HCV IRES and the crosslinked protein was visualized by SDS-PAGE (Fig. 9D) . Both unlabeled IRNA (lanes 2 and 3) and HCV IRES (lanes 6 and 7) competed well with the labeled probe for binding to La. A nonspecific RNA, however, was not effective in the competition reaction (lanes 4 and 5).
Because most of our experiments were conducted with hepatoma cells, we compared protein binding to IRNA and HCV IRES between HeLa and hepatoma cells (note that the UVcross-linking studies described above used a HeLa S10 fraction). Translation cell extracts were prepared from HeLa (Fig.  9C, lanes 2 and 6) , hepatoma (Huh-7) (lanes 3 and 7) , and hepatoma cells expressing IRNA (pCDIR.Ribo.⌬T7) (lanes 4 and 8) and used in UV-cross-linking experiments with either [ 32 P]IRNA (lanes 1 to 4) or [ 32 P]HCV IRES (lanes 5 to 8) as the probe. As is evident from Fig. 9C , the protein binding profile of the S10 fraction derived from hepatoma cells was almost identical to that from HeLa cells. However, the band intensities of four cross-linked polypeptides (p37 and a doublet just above it, and a band migrating above p70) were significantly greater in hepatoma cell extracts than in HeLa cell extracts (compare lanes 3 and 4 with lanes 7 and 8).
DISCUSSION
We have shown here that HCV IRES-mediated translation is blocked in vivo and in vitro by a small yeast RNA which was initially characterized as a specific inhibitor of PV IRES-mediated, cap-independent translation (9-11). Because there is no appropriate tissue culture system with which to study HCV infection, we used a PV-HCV chimera in which the PV IRES is replaced by HCV IRES to evaluate the efficacy of IRNA in inhibiting viral replication. Hepatoma cells constitutively expressing IRNA became relatively resistant to the chimeric virus compared to the control hepatoma cells. In vitro translation from a bicistronic mRNA containing CAT-and luciferaseencoding genes flanked by the HCV IRES showed specific inhibition of HCV-mediated translation by IRNA. Finally we demonstrated that binding of the La autoantigen (p52) by the HCV IRES was inhibited in the presence of IRNA. In fact, both IRNA and HCV IRES bound similar proteins when incubated with HeLa cell extract. UV-cross-linking assays using cell extracts prepared from hepatoma cells showed almost the same profile as seen with HeLa cell extract. These results demonstrate that IRNA is capable of specifically inhibiting HCV IRES-mediated translation both in vivo and in vitro.
Although we have demonstrated that IRNA preferentially inhibits HCV IRES-mediated translation both in vivo and in vitro, we cannot completely rule out the possibility that it also inhibits some other critical steps in PV-HCV chimera replication. For example, the direct inhibition of viral RNA synthesis by IRNA would also result in inhibition of viral protein synthesis. In fact, recent evidence suggests that PCBP may be involved in both PV translation and replication (3, 4, 14, 28a) . It is not known at present whether IRNA interacts with PCBP; however, such an interaction might interfere with both translation and replication of the viral RNA genome. Since transfection of cells with viral RNA showed results similar to infection with the intact virus, the difference in virus titer seen in hepatoma versus hepatoma-IRNA cells could not be due to a disruption in the PV receptor function (data not shown). Additionally, a PV-EMCV chimera replicated well in the cell line expressing IRNA, suggesting that the cells contained a functional PV receptor. In addition, Northern analysis showed that the stability of viral RNA was unchanged in the hepatoma-IRNA cells compared to control cells (data not shown). Moreover, translation of the PV-HCV 701 chimera was specifically inhibited by IRNA (Fig. 8) . Therefore, the reduction in the number of plaques seen in hepatoma-IRNA cells is most likely due to the reduced translation of viral proteins.
At low multiplicities of infection of the viruses (PV and PV-HCV), cells expressing IRNA showed significant resistance (ϳ100-fold) to virus infection compared to control cells ( Fig. 7 ; Table 1 ). This could be due to inhibition of primary translation of the input viral RNA in cells expressing IRNA. Multiple rounds of replication and reinfection of control cells, but not of IRNA-expressing cells, resulted in an amplified effect seen in the plaque assay shown in Fig. 7 and Table 1 . At higher multiplicities of infections (1 to 5), the virus titer was approximately 10-fold lower in pCDIR.Ribo.⌬T7 cells compared to control cells. This could be due to one or more of the following reasons: (i) the level of IRNA expression was relatively low in the cell line; (ii) the viral 5Ј UTR, which competes with IRNA for binding of relevant protein factors, has significantly higher affinity for these proteins than IRNA; (iii) the amount of IRNA in the cytoplasm is low compared to the total amount of expressed IRNA; and finally (iv) all of the IRNA molecules in the cell line may not have been properly folded to assume the right secondary structure required for its translation-inhibitory activity.
The hepatoma cells expressing IRNA grow as well as normal hepatoma cells in tissue culture. The mRNA levels of two genes, encoding GAPDH and ␤-actin, were found to be identical in both control Huh-7 and hepatoma cells expressing IRNA. Also the long-term expression of IRNA did not affect significantly the overall translation of cellular mRNAs as measured by [ 35 S]methionine incorporation (Fig. 6C) . This was surprising since some cellular mRNAs such as the immunoglobulin heavy-chain-binding protein, mouse androgen receptor, and Drosophila antennapedia mRNAs have been shown to use IRES-mediated translation (24, 27) . It is possible that cellular mRNAs having IRES elements are also translated in a cap-dependent manner, as almost all mRNAs synthesized in vivo are capped. The normal function of IRNA in yeast is not known. However, sequences spanning the active site of IRNA (11) have been found to be highly homologous with a yeast chromosome 3 fragment (data not shown).
Although PV and HCV IRES elements have little or no sequence homology, their sequences can be organized into similar higher-order structures (5). Recent results from various laboratories and the data presented here suggest that specific factors (such as La) believed to be required for IRES-mediated translation must be common between the two viruses. Although in UV-cross-linking studies with labeled HCV IRES, La was found to be the major polypeptide competed by IRNA, binding of other polypeptides (p37, p46, p48, p57, p70, and p110) was also affected by unlabeled I-RNA (Fig. 9 ). Whether these proteins play important roles in HCV IRES-mediated translation is not known at present. Our attempts to deplete a HeLa cell extract by passing it through an IRNA-affinity column to determine if addition of La and other proteins would restore translation in depleted extracts have failed (data not shown). The studies presented here do not rule out the possi- 3) and HCV 5Ј UTR RNA (lanes 4 and 5) were UV cross-linked to cellular polypeptides, using 30 g of HeLa S10 fraction (lanes 2 and 4) and 0.3 g of purified La protein (lanes 3 and 5). Numbers to the left correspond to the molecular masses (in kilodaltons) of the polypeptides indicated. Lane 1 contains the IRNA probe but no S10 extract. (B) Competition UV-cross-linking studies were performed with 32 P-labeled HCV 5Ј UTR RNA and 15 g of HeLa S10 in the absence (lane 2) and presence of various unlabeled competitor RNAs (lanes 3 to 7). Lanes 3 and 4, 250-and 500-fold molar excess of unlabeled HCV 5Ј UTR; lanes 5 and 6, 250-and 500-fold molar excess of unlabeled IRNA; lane 7, 500-fold molar excess of a nonspecific RNA (polylinker region of pSPluc; Promega). Lane 1 contains the probe but no S10 extract; lane M shows the migration (in kilodaltons) of marker proteins. The numbers to the right correspond to the molecular masses (in kilodaltons) of proteins which cross-link to the labeled HCV 5Ј UTR probe. (C) 32 P-labeled IRNA (lanes 1 to 4) and HCV 5Ј UTR RNA (lanes 5 to 8) were UV cross-linked to cellular polypeptides, using 30 g of S10 extract of either HeLa cells (lanes 2 and 6), Huh7 cells (lanes 3 and 7) , or Huh7 cell line pCDIR.Ribo.⌬T7 (lanes 4 and 8) . Lanes 1 and 5 contain the probe but no S10 extract. bility of involvement of one or more of these polypeptides in IRES-mediated translation. We have recently determined the secondary structure of IRNA and have found that both a stem and a loop formed by intramolecular folding of IRNA are important for inhibition of viral IRES-mediated translation (unpublished data). The secondary structure of IRNA appears to be very similar to portions of both PV and HCV IRES elements. Future studies involving protein-IRNA interaction and determining the three-dimensional structure of IRNA (or IRNA-La complex) will help elucidate the mechanism of IRES-mediated translation and provide new strategies to develop novel drugs effective against HCV infection.
